We quantitated mRNA and protein for ornithine decarboxylase (ODC) and c-myc in formalin-fiied liver sections from 25 specimens of hepatocellular carcinoma (HCC) and seven normal livers by a non-radiolabeled in situ hybridization technique and immunohistochemistry. This non-radioactive in situ hybridization technique was highly specific, with virtually no background, and permitted quantitative analysis based on optical density. Reaction products were quantitated with computer-assisted microdensitometry. Samples were classified as normal, adjacent uninvolved, cirrhosis, welldifferentiated HCC, and poorly-differentiated HCC. There was a progressive increase in all four parameters measured, ODC mRNA and protein, and c-myc mRNA and protein, from normal, to adjacent uninvolved liver, to cirrhosis, to 2 . Bannasch P, Keppler D, Weber G: Liver cell carcinoma. Dordrecht, Kluwer Academic Publisher, 1989 3. Beer DG, Schwarz M, Sawada N, Pitot HC: Expression of H-ras and c-myc protooncogenes in isolated r-glutamyl transpeptidase-positive rat hepatocytes and in hepatocellular carcinomas induced by diethylnitrosamine. Cancer Res 46:2435, 1986 
Introduction
More than 60% of patients with hepatocellular carcinoma (HCC) have underlying chronic liver disease, notably cirrhosis, before development of cancer (2). Although many studies suggest that liver cell dysplasia is related to cirrhosis and HCC and although some cases of liver cell dysplasia exhibit increased alpha-fetoprotein (AFP) and ferritin, features common to HCC (5,20,38,43), the progression of cirrhosis to HCC is poorly understood. In addition, it is often difficult to unequivocally diagnose HCC, especially the welldifferentiated form, in the setting of an underlying preexisting cirrhosis. Therefore, the study of biochemical and molecular changes in the progression of cirrhosis to HCC may also be useful in the diagnosis of HCC in the setting of cirrhosis.
The discovery and characterization of oncogenes and tumor suppressor genes have been some of the more exciting findings in cancer research. Studies of the expression of oncogenes in cancer cell lines show that viral oncogenes are actually "transduced" cellular 
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genes and that such conservation portends an essential role of oncogenes in normal and cancer cell growth and development (9,13). Studies of oncogenes in rat liver regeneration show that the specific oncogenes fos, myc, and ras are elevated, whereas abl, mos, and src appear not to be involved. These oncogenes are often sequentially elevated, following the general chronological order fos, myc, and ras (12) .
The c-myc product p62 is a nuclear protein with a molecular weight of 65,000; it appears to control the proliferation and selfrenewal capacity of cells (11,34,40). Studies have shown that c-myc gene expression regulates cardiac development ( 2 4 , human colon carcinoma development &lo), and tumor progression and metastasis (26,55). In the diethylnitrosamine-induced rat HCC, c-myc mRNA is elevated (3).
Ornithine decarboxylase (ODC) is the enzyme, often ratelimiting, that catalyzes the formation of putrescine, the first step in the polyamine pathway. ODC has a short half-life in vivo and is induced during the initiation of growth processes (32,33,39,49). In non-cycling or non-growing cells, ODC activity is low or undetectable, whereas it is increased in growth. Increases in ODC activity are important for hepatic regeneration, and polyamine metabolism plays an important role in the increased DNA and protein synthesis in hepatic proliferation (29,42,44). In rat liver regenera-tion after partial hepatectomy, there is a tenfold increase in ODC activity within 4 hr (44). It has also been reported that oncogenic viruses alter polyamine levels in developing chick embryo cells, whereas non-oncogenic viruses do not induce such changes ( 8 ) . Increased ODC activity in colon mucosa may reflect the abnormal proliferative state in familial adenomatous polyposis (30). Colorectal cancer metastases in liver also have higher ODC activity than adjacent uninvolved liver (19). However, changes in c-myc protein and mRNA and in ODC protein and mRNA in human liver diseases have not yet been elucidated.
Analyses of enzyme activity and mRNA levels in homogenates of tumors and non-tumor tissues indicate only an average value for the entire tissue and do not distinguish potential variations among cell subtypes. High-resolution subcellular localization of specific mRNA and protein by non-radioactive in situ hybridization and immunohistochemistry, coupled with computerized integrated optical density (OD) quantitation of the reaction products, may overcome the disadvantages of analyses of homogenized tissues. We elected to perform in situ hybridization and immunohistochemistry techniques to localize and quantitate ODC and c-myc mRNA and protein levels in various liver diseases. In our study we applied a non-radioactive in situ hybridization technique using digoxigenin-labeled deoxyuridine-triphosphate (Dig-dUTP)-labeled ODC and c-myc probes to detect ODC mRNA and c-myc mRNA, and an immunohistochemical staining technique to detect ODC and c-myc protein in formalin-fixed normal liver tissues and in liver specimens of patients with primary HCC in the setting of cirrhosis.
Materials and Methods
Liver Specimens. Paraffin-embedded liver specimens from patients diagnosed with primary HCC were obtained from the Pathology archives of Harper Hospital, Detroit, Michigan. These patients had undergone liver biopsy and/or surgery from 1 to 6 years before the present study. All the specimens were fixed in neutral buffered formalin and processed to paraffin blocks at Harper Hospital. We also used adjacent uninvolved liver tissues and areas of cirrhosis for our study. Normal human liver tissues from seven patients without liver disease served as the normal controls. One slide from each block of every specimen was stained with hematoxylin and eosin (H&E). Histological analysis of the coded H&E-stained sections from the 25 HCC specimens was done in a blinded fashion by apathologist using the criteria of Craig, Peters, and Edmondson [Armed Forces Institute of Pathology Monograph (7) ] for grading of HCC. These criteria include cytoplasmic acidophilia, nuclear chromatism, nucleus-cytoplasm ratio, cell cohesiveness, bile production, and histological architecture. We combined Grades I and I1 under the designation of well-differentiated HCC and Grades I11 and IV under the designation of poorly-differentiated HCC.
In situ hybridization and immunohistochemistry studies were performed on sections showing the following histological classifications: seven cases of normal liver, nine cases of adjacent uninvolved liver. five cases of cirrhosis, and 25 cases of HCC, with the latter classified as 20 cases of welldifferentiated and five cases of poorly-differentiated HCC. Three sections from each specimen were used for hybridization and three sections for immunohistochemistry.
Reagents. All reagents used were of the highest grade commercially available and were obtained from Sigma (St Louis, MO) unless otherwise noted.
Probe Labeling. The ODC probe used for in situ hybridization was the 1.8 KB insert of cDNA clone ODC 2Hl10 from Dr. 0. Janne (Rocke-feller University, New York). The probe was isolated by agarose gel electrophoresis after EcoRI restriction enzyme digestion. The c-myc probe used for in situ hybridization was the 1.5 KB insert of human cellular c-myc isolated from the neuroendocrine tumor line COIO 320 HSR (American Type Culture Collection; Rockville, MD). This probe was c-myc exon 3 and was isolated by agarose gel electrophoresis after ClaI and EcoRI restriction enzyme digestion. As detailed in the Discussion, there are practical advantages to using non-radioactive probe labeling. We therefore elected to use non-radioactive probes for all our studies. All probes were labeled with Dig-dUTP by the random-primer extension technique (14J8). Labeling kits were purchased from Boehringer Mannheim Biochemicals (Indianapolis, IN).
Negative controls were run for every specimen examined with a nonspecific probe of similar size and without probe. Otherwise, they were run in exactly the same manner concurrently. The negative control probe used for in situ hybridization was BSSK, the 1.27 KB BgII restriction fragment from the pBluescript SK' plasmid vector, in which ODC and c-myc probes were isolated (Stratagene; La Jolla, CA).
In Situ Hybridization. Sections 4 pm thick were floated onto silanated slides (Digene; Silver Spring, MD) and were then heated for 4 hr at 60°C. Sections were deparaffinized by three 10-min changes in xylene and two 10-min changes in 100% ethanol, after which they were air-dried. Slides were treated with proteinase K solution (proteinase K 50 pglml in 0.2 M Tris-HCI, pH 7.5, and 2 mM MgC12) for 15 min at room temperature, followed by sequential 1-min rehydration in 95%, 8O%, and 70% ethanol. Slides were then washed in PBS for three 5-min changes, followed by a 10-min incubation in 2 x SSC (1 x SSC is 0.3 M sodium chloride, 0.03 M sodium citrate, pH 7.0). Pre-hybridization was done by adding 100 pI of hybridization solution (4 x SSC, 50% formamide. 1 x Denhardt's solution, 0.5 mglml salmon sperm DNA, 0.25 mg/ml yeast tRNA, and 10% dextran sulfate; 1 x Denhardt's solution = 100 mg Ficoll. 100 mg polyvinylpyrrolidone, 100 mg bovine serum albumin in 500 ml water) without probe and incubating the slides in a humid chamber at room temperature for 2 hr.
After removing the pre-hybridization solution, 60 pl of hybridization solution containing 25 ng probe per ml was placed on each slide. Negative control slides were hybridized with (a) hybridization solution without probe and (b) hybridization solution containing the plasmid vector BSSK' alone, 25 nglml. The slides were covered with coverslips, followed by heating to 100°C for 10 min in a slide warmer (Digene), and were then transferred to a humid chamber in a 4 2 T water bath for 16 hr. At the end of the 42°C incubation, slides were washed with 2 x SSC for 1 hr at room temperature, followed by 1 x SSC for 1 hr at room temperature, 0.5 x SSC for 30 min at 37'C. and 0.5 x SSC for 30 min at room temperature.
Immunological Detection of Hybridized Probe. Slides hybridized and washed as above were rinsed in Buffer A (Tris-HCI 7.88 g, NaC14.39 g in 500 ml of water, pH 7.5) for 1 min, followed by incubation of the slides for 30 min in Buffer A containing 2 % normal sheep serum and 0.3% Triton X-100. A 1:500 dilution of anti-digoxigenin antibody (100 pl) conjugated with alkaline phosphatase was applied to each slide and the slides were incubated at 4°C for 16 hr in a humid chamber, followed by incubation at room temperature for 30 min. After washing the slides with Buffer A for 10 min. followed by washing with Buffer B (Tris-HCI 7.88 g. NaC12.92 g, and MgCl2 2.38 g in 500 ml of water, pH 9.5) for 10 min at room temperature with shaking, slides were immersed in color solution [50 ml buffer 2, 255 pl of 75 mglml nitroblue tetrazolium salt (NBT), 175 pI of 50 mglml 5-bromo-4-chloro-3-indolyl phosphate (BCIP). and levamisole 12 mg] for 20 hr at room temperature. The slides were rinsed in Buffer C (Tris-HCI 0.788 g, EDTA 0.186 g i n 500 ml ofwater, pH 8.0) and then dehydrated in a graded series of ethanol, 70%. 80%. 95016, and 100% for 3 min each, cleared in 3 changes of xylenes, and mounted in Permount (Fisher; Fairlawn, NJ).
Sections were not counterstained so that specific staining could be more clearly demonstrated in black-and-white photomicrographs. Sections were photographed under brightfield illumination and cells that had no specific staining were not visible. The negative controls with no background would hence appear to be totally blank. All negative controls were processed concurrently with specimens using identical protocols, except that no probe or a nonspecific probe was used.
Immunohistochemical Staining. Rabbit ODC polyclonal antibody was a gift of Drs. Anthony Pegg and Lo Person (41.45). Sheep c-myc monoclonal antibody against the exon +encoded domain of the c-myc protein was purchased from Oncogene Science (Manhasset, NY).
Sections 4 pm thick were floated onto gelatin-coated slides and then heated at 60°C for 4 hr. Sections were deparaffinized by three 5-min changes in xylene and one 1-min change each in 100% and 95% ethanol, after which they were incubated with 3% H202 in absolute methanol for 5 min. The sections were rehydrated through 80% and 70% ethanol for 1 min each, rinsed in distilled water, and placed in PBS. After blocking with normal serum, the sections were incubated with primary antibody (1:250 ODC polyclonal antibody or 1:500 c-myc monoclonal antibody) for 18 hr at 4'C. followed by 30 min at room temperature. Negative controls were run simultaneously except that the primary antibody was omitted. After three 5-min washes in 0.05 M Tris-HC1 solution (pH 7.6), the slides were incubated with biotinylated secondary antibody (goat anti-rabbit IgG for the rabbit anti-ODC antibody and rabbit anti-sheep IgG for the sheep anti-c-myc antibody) for 1 hr at room temperature in a humid chamber, followed by three 1-min washes in 0.05 M %is-HC1 (pH 7.6). Slides were then incubated with ABC complex (a pre-formed avidin with biotinylated horseradish peroxidase macromolecular complex) (Vector Labs, Burlingame, CA) at room temperature in a humid chamber for 30 min, followed by three washes in 0.05 M Tris-HC1 (pH 7.6). after which the slides were incubated in a freshly prepared color developing solution [ 10 mg diaminobenzidine tetrahydrochloride (DAB), 35 mg NiC12, and 50 pi of 3% Hz02 in 50 ml of 0.05 M Tris-HCI, pH 7.61 for 16 min at room temperature. Slides were rinsed in distilled water and dehydrated in a graded series of ethanol (70%, 80%,95%, 100%). cleared in three changes of xylene, and mounted in Permount.
Sections were not counterstained and were photographed under brightfield illumination. Only specific reaction product is visible and areas without reaction product appear blank. The usual (H&E) cell histology would not be visualized on these slides.
Computerized Micro-image Analysis and Statistical Analysis. Slides were viewed under a brightfield microscope equipped with a regulated DC power supply (Olympus). The Cue-2 imaging system (Olympus) with a densitometry program was used to analyze every slide. The integrated optical density (OD) of five randomly selected areas, each area being 0.21 mm x 0.17 mm in size, from each slide was measured. The mean of these five ODs represented the integrated OD of the slide. Measurements of integrated OD from each of three slides of each sample were combined to give an overall mean for that sample. A one-way analysis of variance was performed to assess differences among means (46).
Results

Histology
The H&E histology of the liver specimens used in our study was reviewed in a blinded fashion by a pathologist using established Armed Forces Institute of Pathology criteria as described by Craig et al. (7) . Only specimens whose histology could be properly classified were used. Because the H&E histology of the specimens used in our studies is similar to that described in standard texts, it is not reproduced here.
In sections that were counterstained, the hybridization and immunohistochemical reaction products were difficult to distinguish from H&E histological staining in black-and-white photomicrographs. Hence, in all of our photomicrographs no counterstaining was used, To demonstrate that the negative control did indeed contain tissues, one half of each negative control photograph is presented as two panels. Both panels are from one single photomicrographic field. The right-hand side panel represents brightfield and the left-hand side, which is a continuation of the righthand side, represents phase contrast.
Negative Controls
The non-radioactive in situ hybridization and the immunohistochemical techniques used were highly specific (Figures 1-5) . and in our hands provided a greatly improved signal-to-noise ratio compared with radioactive techniques (16) . In fact, the results were so good, with the negative controls being virtually blank, that we repeated our positive and negative controls several more times to be sure. Using two sets of negative controls (omission of probe and substitution with nonspecific DNA probe) for in situ hybridization and one set of negative controls (omission of primary antibody) for immunohistochemical staining, no counterstain, and brightfield microscopy for photomicrography, all our negative controls for all five histologic classifications studied were truly negative-they were totally blank ( Figures IF, 2F , 3F, 4F, and 5C). One half of the photomicrographs in Figures lF, 2F , 3F, and 4F are brightfield images and appear blank, whereas the other half of these photomicrographs, which is the continuation of the brightfield, demonstrates presence of tissue by phase-contrast photomicrography.
To demonstrate that the negative control specimens did contain actual tissue specimens, parallel sections were stained with H&E ( Figure 5A only) and the photomicrographs show that counterstaining or photography under phase-contrast illumination visualizes cell features and would make it difficult to distinguish counterstaining or phase-contrast visualization from specific hybridization or immunohistochemical reaction product. It is noteworthy that when similar sections were studied with a radioactive in situ hybridization technique in our previous study, the negative controls showed substantial background (16) .
ODC mRNA
Although the localization of ODC mRNA was uneven among cells, the amounts of cellular ODC mRNA increased progressively from normal liver tp poorly-differentiated HCC, except for the cirrhotic liver (Figure 1 ). The negative controls for all five histological classifications, using either no probe or the nonspecific DNA probe, were all totally devoid of reaction product. Because no counterstain was used and photomicrography was done under brightfield illumination, all the negative controls were blank. The negative control using the nonspecific DNA probe on the poorly-differentiated HCC sections, which might have produced the highest background, is shown in Figure IF HCC. and (F) negative control of poorly-differentiated HCC. In situ hybridization was performed as described in Materials and Methods. Negative COntrOlS were processed in the same manner as specimens, except that either no probe or a nonspecific DNA probe was used. Sections were not counterstained and photomicrographs were taken under brightfield illumination; therefore all areas devoid of hybridization reaction product appear blank. All visualized signals represent Specific ODC mRNA hybridization reaction product. Areas devoid of signal between the positive-staining cells are the sinusoidal spaces and are occasionally enlarged in some liver specimens, due to cirrhosis, carcinoma or, occasionally, fixation artifacts. Note that no H&E histology sections are presented, and all photomicrographs represent in situ hybridization reaction product only. Negative controls of all five histological classifications studied are all virtually blank as shown in F. One half of F is the brightfield (left) and the other half (right, which is the continuation of the left) is the phase-contrast image of the same micrographic field. Bar = 20pm. Figure  3D . and C is a lower-magnification view of Figure 3F . Note that A is the only H&E histology photomicrograph shown in this article. All other photomicrographs are nonaunterstained and taken under brightfield illumination, and only specific reaction product is visualized except for the phase-contrast image of negative controls in Figures 1F. 2F . 3F, 4F. and 50. Bar = 250 um.
DETECTION OF ODC AND C-MYC GENE EXPRESSION
-.
C uct of ODC mRNA of the five histological classifications is shown in Figure 6A .
ODC-immunoreactive Protein
The localization of ODC-immunoreactive protein was also uneven among cells, similar to ODC mRNA (Figure 2) . The amounts of cellular ODC-immunoreactive protein increased from normal to poorly-differentiated HCC and generally paralleled the levels of ODC mRNA. The distribution of the integrated OD of ODC antibody staining of the five histological classifications is shown in Figure 6B . The negative controls for all five histological classifications were all totally devoid of reaction product and all appeared blank. Only one of the negative controls, that of poorly-differentiated HCC stained without primary antibody, is shown ( Figure 2F ).
c-myc m R N A
The levels of c-myc mRNA paralleled those of ODC protein and were lowest in normal liver compared with the other four histological classifications (Figures 3 and 6C) . The negative controls for all five histological classifications, using either no probe or the non- specific DNA probe, were all devoid of reaction product, similar to those for ODC mRNA. Only the negative control for the poorlydifferentiated HCC, using the nonspecific DNA probe, is shown ( Figure 3F) .
Additional controls were also done for all specimens for ODC and c-myc hybridization and immunohistochemistry. One H&E histology of a poorly-differentiated HCC ( Figure SA) and its negative control photographed under phase contrast ( Figure 5D ) are shown at lower magnification. Two HCC nodules, surrounded by fibrous bands, are seen. The c-myc hybridization reaction product is present only within the HCC ( Figure 5B ) and i s virtually absent within the adjacent uninvolved tissue ( Figure 5B ) or in negative controls ( Figure 5C ).
c-myc Proteitz
The cellular levels of c-myc protein paralleled those ofc-myc mRNA and were lowest in sections of normal liver tissues compared with the other histological classifications (Figures 4 and 6D) . The negative controls for all five histological classifications were devoid of reaction product, and only the negative control for poorly-differentiated HCC is shown ( Figure 4F ).
Discussion
Our results show that the non-radiolabeled in situ hybridization technique and the immunohistochemical technique we employed are highly specific and have virtually no background. Negative controls that are not counterstained and that are viewed or photographed under brightfield illumination show no reaction product and appear blank ( Figures IF, 2F, 3F, 4F, and 5C ). Using these techniques, we showed that ODC "A and immunoreactive protein, and c-myc mRNA and protein, can be demonstrated in liver sections. The amount of reaction products increased progressively from normal, to adjacent uninvolved liver, to cirrhosis, and were highest in well-differentiated and poorly-differentiated HCC. The quantitation of the expression of these two proliferation-associated genes and their products may be helpful in understanding the biology of liver cell proliferation and progression to carcinoma in the setting of cirrhosis.
The liver has low mitotic activity under normal conditions and is relatively resistant to carcinogenesis. When hepatocytes are stimulated to divide, as in liver regeneration, inborn errors of metabolism of the liver (e.g., hemochromatosis, Wilson's disease, and hereditary tyrosinemia), hepatitis, and alcoholic liver disease, hepatic carcinogenesis is enhanced (4). However, the process of hepatic carcinogenesis is not completely understood. Available evidence suggests that integration of the hepatitis B virus and the activation of oncogenes such as c-myc may play a role in tumor development (37). c-myc protein is a nuclear protein with a molecular weight of 65,000 and its specific function may be connected with its DNA-binding capacity ( 4 0 ) by which it perturbs the activity or specificity of the cellular transcription apparatus and affects the expression of a group of cellular genes whose products are critical to growth and dlfferentiation ( 5 2 ) . c-myc oncogene expression is elevated in regenerating rat liver and in hepatocellular carcinoma (HCC) cell lines (22,23,36,48,56) . Studies in some nonhepatic cell lines show that the products of ornithine decarboxylase (ODC), putrescine and spermidine, may play an important role in the regulation of c-myc gene expression and cell differentiation (6,31).
ODC has been shown to play an important role in liver regeneration in the rat (17,29,44 ) and in human hepatocarcinogenesis (16). Previous studies from our laboratory (29) and others (42,44) have shown that increases in ODC activity are important for inducing DNA synthesis and cell division and proliferation in liver regeneration (29,42) and other models of tissue growth (32,39) . The use of inhibitors of ODC activity leads to inhibition of DNA synthesis, cell division, and liver regeneration (29,42). ODC has also been shown to be important in carcinogenesis (32,33) . ODC activities are higher in HCC cell lines than in non-neoplastic liver cells (21,53). Colorectal cancer metastases in liver have increased ODC activity (19). It has been suggested that increases in ODC activity may be essential for carcinogenesis (32,39,49) . In rat liver, the cancerpromoting agent clofibrate increases ODC activity ( 1 5 ) .
Previous studies have shown that the regulation of c-myc gene expression is at the transcriptional and post-transcriptional level. c-myc protein is located in the nucleus and remains firmly associated with the nuclear matrix during the cell cycle (50). c-myc protein requires post-translational modification to become functional (27,50) . Subcellular localization of c-myc product detected by an immunohistochemical method is considered to be dependent on the method of furation (28). In several immunohistochemical studies using formalin-fixed, paraffin-embedded sections, c-myc protein was shown to be in the cytoplasm (25,47,54) , whereas others have found the protein in both the cytoplasm and the nucleus (35,51) .
Our results demonstrate that c-myc mRNA and c-myc protein are both higher in cirrhotic liver than in normal and adjacent uninvolved liver tissues. The subcellular localization of c-myc protein is also altered. In normal and adjacent uninvolved liver the localization of c-myc protein is primarily nuclear, in agreement with other investigations. However, in cirrhosis and HCC the localization of c-myc protein is nuclear as well as cytoplasmic and may be membrane associated.
Our results also demonstrate that HCC has significantly higher levels of ODC mRNA and protein and of c-myc mRNA and protein. Poorly differentiated HCC exhibited the highest levels of ODC mRNA and protein and of c-myc mRNA and protein among the five histological classifications examined.
Perturbation of expression of ODC and c-myc genes may play critical roles in hepatocarcinogenesis. Changes in expression of both genes occur at a very early stage. Adjacent uninvolved liver has higher levels of expression of both genes compared with normal liver. Cirrhotic liver also has higher levels of expression of both genes. These changes in gene expression persist up through the stage of development of HCC, and increasing levels of expression correlate inversely with the degree of cell differentiation.
The technique of non-radiolabeled in situ hybridization has advantages over the radiolabeled in situ hybridization techniques for detecting mRNA. It avoids exposure of personnel to radioactivity. It is a time-saving procedure. The signal-to-noise ratio is much better than radioactive techniques, in that all of our non-radioactive negative controls showed no visible hybridization products by brightfield microscopy and appear totally blank. The most important advantage is that it is a high-resolution technique that can demonstrate the exact subcellular localization of the signal.
The quantitative detection of ODC mRNA and protein and of c-myc mRNA and protein levels in liver disease may help our understanding of the biology of hepatocarcinogenesis and may also have potential for the diagnosis of hepatocellular carcinoma.
